The latest developments in zeolite membranes are reviewed, with an emphasis on the synthesis techniques, including seed assembly and secondary growth methods. This review also discusses the current industrial applications of zeolite membranes, the feasibility of their use in membrane reactors and their hydrothermal stability. Finally, zeolite membranes are compared with metal-organic framework (MOF) membranes and the latest advancements in MOF and mixed matrix membranes are highlighted.
Introduction
Although there are several recent reviews about zeolites and MOF membranes, [1] [2] [3] [4] some recent advances in zeolite films have not yet been reviewed. Here, we attempt to assess progress in zeolite membranes and make comparisons with MOFs.
There have been particularly significant developments in the formation of seed layers through the use of techniques such as manual assembly 5 and Langmuir trough deposition. 6 Further, secondary growth of these seed layers has advanced through novel methods such as gel-free growth 7 and minimization of twinning. 8 These and other developments have enabled the formation of sub-1 mm zeolite membranes. 9 Recent reports of 100-200 nm zeolite membranes are promising advances for their commercial viability. 10, 11 There have been some recent industrial projects that use zeolite membranes, such as for ethanol dehydration, but so far these projects have been limited. A major constraint has been the low flux and high cost, which make the required membrane area to be economically unviable. 12 With an order of magnitude reduction in zeolite membrane thickness, there are now new opportunities for industrial applications. We also review several other important topics which have not been covered in recent zeolite membrane reviews, such as, local permeance characterization, hydrothermal stability and modeling of permeation. The main differences between zeolites and MOF membranes are highlighted, with a focus on synthesis strategies. Finally, recent work on polymer supported zeolite and MOF membranes as well as mixed matrix membranes is summarized. The high cost of the ceramic support, which was also a major factor preventing industrial application, may soon be replaced by relatively inexpensive polymer supports. His thesis topic is the synthesis and characterization of membranes for xylene separation using zeolite nanosheets.
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We believe that this review comes at a critical time that major recent advances in the field of zeolite and MOF membranes should lead to new industrial applications to ensure the reliability of the field.
Progress in seeding techniques
Since self-supporting thin zeolite layers cannot be handled, mainly because of mechanical problems, the molecular sieve layer (zeolite, MOF etc.) is usually directly grown on a porous ceramic or a metal support. However, zeolite nucleation and subsequent crystal growth on the surface of such supports is difficult to control. A well-established method for the growth of thin and defect-free molecular sieve layers is based on seeding and secondary growth. Seed crystallites of the desired zeolite or the MOF are synthesized ex situ. In a second step these seed crystallites are brought by different techniques using electrostatic forces (zeta potential differences), covalent chemical anchoring or capillary forces during dip or spin coating to the support surface. Finally, these seed crystallites can grow in situ to a homogeneous thin film.
Synthesis of zeolite seeds
Traditionally, zeolite seeds have been synthesized by direct (bottom-up) synthesis strategies. For all-silica or high-silica zeolites, this typically involves hydrothermal treatment of a sol containing a silica/alumina source, an organic structure directing agent (SDA) and water. SDA-free synthesis of certain zeolites is also possible. 13 There are several reports on shape control of zeolite seeds, i.e. favoring growth along certain crystalline directions and suppressing growth along others. [14] [15] [16] This is usually done by changing the SDA structure or the growth conditions. There exist several studies on the influence of these conditions on zeolite nucleation and growth, which are summarized in a review article. 17 The top-down approach for seed synthesis, in which a parent material is first synthesized and then broken down or modified in order to yield seeds, has been considerably advanced. In one approach, three-dimensionally ordered mesoporous zeolites are synthesized within carbon templates. They can be disassembled to give spherical nanoparticles precisely sized in the 10-50 nm range, which is not readily accessible by direct synthesis. [18] [19] [20] Another approach involves exfoliation of layered zeolites 21, 22 and has been discussed recently in a perspective. 23 Although zeolite exfoliation was reported in 1998, 24 only recently MFI and MWW suspensions containing exfoliated nanosheets at sufficient quantity and quality for membrane application were reported. 25 It was further shown that nanosheets could be coated on alumina supports and secondary-grown to form selective membranes. For this approach, it is important to develop methods to remove large, unexfoliated particles which can 
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one version of this technique, zeolite seeds are manually rubbed on a substrate. Either ionic bonding or hydrogen bonding was found to be responsible for the assembly. For example, ionic bonding could be induced between trimethylpropylammonium groups on silicalite-1 and butyrate groups tethered to glass. Hydrogen bonding occurs by direct bonding of hydroxyl groups on silicalite-1 crystals and those on glass or mediated by poly(ethyleneimine). A direct covalent bonding between the support and the seed crystals can be established by using water-soluble bi-dentate additives like di-isocyanates as proposed by Yoon. 27 In a first step, the OH groups of the support react with an isocyanate group and in a second step the OH groups of the seed crystals react with the other isocyanate group which results in a strong attachment of the seed crystals to the support. Fig. 1 shows the attachment of seeds to an oxidic support surface using the bidentate di-isocyanate as a linker. 28 Another way for the attachment of seed crystals is the treatment of the ceramic support with aminopropyl-triethoxysilane (APTES) before synthesis. 29 The ethoxy groups react with surface hydroxyl groups of the support resulting in an amino group anchored to the support with a positive zeta potential. The reversal in charge from a negative to a positive can also be obtained by van der Waals adsorption of positively charged macromolecules. 30 In subsequent studies, this method has been used to obtain continuous a-and b-oriented MFI films by manually assembling the seeds followed by secondary growth. 5 In a recent work, a 200 nm thick b-oriented MFI membrane on porous silica support was obtained by manual assembly followed by gel-free secondary growth. 7 Fig. 2a and b show the seed layer generated by manual assembly. Fig. 2c and d show the final membrane obtained by secondary growth using gel-free secondary growth (see Section 3).
Other groups have also successfully adapted the Yoon technique in recent years for the synthesis of zeolite films or membranes. [31] [32] [33] [34] [35] [36] [37] Recently, Hedlund and co-workers extended the manual assembly technique to nanocrystals by controlling the humidity of the environment during the coating process. 38 The authors proposed, as shown in Fig. 2 , that for hydrophilic substrates like hydroxypropyl cellulose (HPC), at high relative humidity, assembly is mediated by hydrogen bonding with water molecules from the vapor phase (Fig. 2e) . At lower humidity, the hydroxyl groups on the substrates prefer to bond with each other and nanocrystal assembly is not as strongly favored (Fig. 2g) . For less hydrophilic substrates like poly(methylmethacrylate) (PMMA), high humidity causes the hydroxyl groups to be converted to epoxy groups and nano-crystal assembly is not favoured. Low humidity allows favorable contact between the crystals and the surface ( Fig. 2f and h ). Manual assembly has been adapted as a facile seeding technique for lab-scale efforts. An important point to note regarding rubbing by hand is that gloves must be used due to safety considerations.
Although manual assembly is not currently scalable for large area membrane fabrication, it could be scaled up by automation of the rubbing process. Rubbing by a rotating or a lateral polishing device could be envisioned for large scale application of this technique. Moreover, sonication assisted deposition could also offer a route towards scalable implementation. 39 2.2.2. Langmuir trough assembly. Langmuir trough deposition has been typically used in the past to obtain monolayers of surfactant molecules and other non-zeolitic materials. [40] [41] [42] [43] A recent review summarizes the current state of the art of this technique. 44 Its use to obtain coatings of zeolites is a more recent development. Following an initial report in 2002, in which a commercial micron-sized zeolite was deposited from the airwater interface onto a silicon wafer, 45 there have been several attempts to obtain thin films of zeolite particles on substrates. In 2007, it was shown that 500 nm thick intergrown films of silicalite-1 could be obtained on silicon wafers by deposition of 95 nm seeds followed by secondary growth. 46 In the same year, monolayer films of zeolite beta of two different sizes (1 mm and 180 nm) were also obtained on silicon wafers. 47 The following year, 100 nm silicalite-1 seeds were deposited as monolayers using the Langmuir-Blodgett (LB) technique. 48 Deposition was followed by secondary growth, resulting in a B100 nm thick intergrown zeolite film. Recently, LB was used to obtain a 1.5 mm intergrown film, 49 while an attempt was made to extend the approach to porous supports 50 with the goal of obtaining zeolite membranes. Moreover, the Langmuir-Blodgett and Langmuir-Schaefer techniques were used to deposit 3 nm thick MFI nanosheet seeds (previously discussed) on silicon wafers. 6 This advancement allowed the formation of an ultrathin seed layer which could be subjected to secondary growth to obtain a continuous film. The final film thickness is sub-12 nm, which is the thinnest intergrown MFI film reported. Although intergrowth of seed layers prepared by the LangmuirBlodgett deposition method has been demonstrated, there is no evidence for macroscopic continuity. From our experience, using LB to form coatings with uniform packing over hundreds of micrometers reproducibly can be challenging. Therefore, although continuous LB deposition can be realized we remain sceptical regarding the potential of this approach for large scale zeolite membrane manufacturing. The approach appears to be better suited to metal organic framework (MOF) films and membranes made by stepwise deposition of reactants, liquid phase epitaxy and other layer-by-layer assembly approaches. [51] [52] [53] [54] [55] [56] [57] [58] 2.2.3. Varying temperature hot dip coating. In the recent literature, there are reports of practical significance with respect to scalable production of zeolite membranes based on a varying temperature hot dip-coating (VTHDC) method, 59, 60 which is capable of making seed layers while also plugging defects on the support. In this technique, a tubular support (for example, alumina) is inserted into a solution containing large zeolite seeds at high temperature (177 1C) . After removal of the superfluous crystals by rubbing, the support is dipped into a suspension containing smaller seeds at a lower temperature (77 1C) and withdrawn. This seeding method is reported to allow for reproducible membrane manufacturing of relatively thick films on coarse supports.
Secondary growth developments
After seeding of the support, a hydrothermal growth step is usually required in order to induce secondary growth of zeolite seeds and close gaps, which are detrimental to membrane performance. Synthesis of a selective membrane without the use of secondary growth has so far not been achieved for zeolites but it has been achieved in other materials, including graphene oxide 61 and MOFs. 62 Development of large aspect ratio nanosheets may enable selective seed layers even in the case of zeolites, by enabling good overlap of nanosheets and minimizing gaps. However, up to now, secondary growth remains a necessary, albeit undesirable step from the large scale production standpoint.
A very important development in secondary growth of zeolite membranes was achieved by Pham et al. recently. 7 They reported a gel-free method of secondary growth which uses a small quantity of structure directing agent but circumvents the use of a gel for growth. Instead, the silica source for secondary growth comes from the support. A precursor version of such a process was published by Chaikittisilp et al., 63 who showed that the amorphous silica layer on a silicon wafer could be transformed into MFI by steaming in the presence of TPA + . In the technique of Pham et al., a silica support, coated with a layer of 50 nm silica particles, was seeded with b-oriented MFI crystals using the method of rubbing. 5, 64 The support was then impregnated with a solution of tetrapropylammonium hydroxide (TPAOH) and tetraethylammonium hydroxide (TEAOH), which can act as structure directing agents for MFI. The SDA-laden support was then sealed in an autoclave and placed in a convection oven at 190 1C. After heating for several hours, the supported membrane was removed, dried, calcined and subjected to permeation testing. As shown in Fig. 3 , the silica source for the growth of the zeolite seeds to form a continuous film is provided by the underlying silica nanoparticles. As the authors mention, this method is simple, saves chemicals and most importantly, preserves the orientation and can be scaled up. It is important to note that this method has so far been demonstrated only for silica supports and all-silica zeolite MFI. It should be possible though to extend it to aluminosilicate zeolites, including zeolite A, by use of the appropriate underlayer and support. A similar approach to secondary growth was extended to the synthesis of MFI membranes on porous alumina supports. 8 It was proposed that twin crystals could be responsible for membrane defects. Thus the TPA + /Si ratio was optimized to 0.05 for preventing the formation of twin crystals. This resulted in an EtOH-water selective membrane. Other developments are the use of microwave heating for aging of growth solution and for secondary growth. 66, 67 It is hypothesized that the rapid heating rate by microwave causes a nucleation bottleneck, allowing a compact film to form within 60 minutes without twin formation. For conventional heating, nucleation occurs around 60 minutes, whereas, it requires around 180 minutes or more for the formation of a compact film. This leads to twin formation. Although numerous reports exist on twin suppression in TPA-based MFI film growth, fundamental understanding is lacking. Also, reproducibility and robustness have not been proven. Secondary growth depends on several factors, including the solution composition, temperature and aging time. Also, the growth procedure has been found to vary based on the type of seed used. For example, the gel-based growth method first reported by Pham et al. 5 was used for secondary growth of MFI nanosheet seed layers made by Langmuir trough deposition. 6 However, nanosheets do not grow in the same way as that reported for large bulk MFI crystals. Growth does not uniformly occur with nanosheets, leading to some of the nanosheets growing very fast and others growing very slowly or not at all. This results in a discontinuous film. The same approach when applied to large MFI seeds gives nicely oriented and intergrown films. The recent work reported by Lupulescu et al. 68 indicates that growth of silicalite-1 takes place according to a combination of both classical and non-classical mechanisms. Classical growth mechanisms suggest that growth takes place by the addition of atoms and molecules, as opposed to non-classical mechanisms which hypothesize that growth occurs through attachment of nanoparticles or aggregates. 69 By in situ AFM imaging, Lupulescu et al. have conclusively shown that initially the increase in height of a silicalite-1 crystal perpendicular to the h010i face happens linearly, in accordance with the addition of molecules. However, after a certain time has elapsed, there is a step-change in the height, which corresponds to nanoparticle attachment. This work may help settle the debate regarding silicalite-1 growth mechanisms and identify conditions for twin-free MFI growth and could be extended towards elucidating the growth mechanisms of other classes of hydrothermally grown zeolites.
Secondary growth at neutral pH
During membrane synthesis using alumina supports, use of alkaline environment generally causes leaching of Al 3+ ions and may lead to membrane deactivation. To circumvent this, there have been several reports of using HF to obtain a neutral pH during secondary growth. 36, 70 However, the use of HF is undesirable due to the hazards associated with it. Very recently, Peng et al. overcame this by using TPABr as SDA and fumed silica as a silica source for secondary growth. 71 The growth is carried out after rubbing MFI seed crystals on glass substrates. The use of glass is crucial because dissolution of Na 2 O from glass creates a local mild alkaline environment, allowing growth to proceed. Also, the use of TPABr is beneficial as it is inexpensive compared to the conventionally used TPAOH.
SDA-free secondary growth
In order to further minimize the use of SDA, several groups have explored the possibility of a seed-assisted synthesis procedure. Some recent reviews summarize the progress towards synthesis of zeolites by such a procedure. [72] [73] [74] [75] Here, seeds are first synthesized using SDA and further used for zeolite growth from a sol that is devoid of SDA. There are significant advantages to using an SDA-free synthesis procedure. For large-scale zeolite production, there will be some environmental and economic benefits from eliminating the use of organic SDAs. Most importantly, an SDA-free synthesis approach when applied to membranes will circumvent the final calcination step, which is prone to crack formation due to zeolite shrinkage upon SDA removal. 
Sub-1 lm membrane synthesis
High capital investment and thus long payback times for zeolite membrane separation processes have prevented their large scale implementation. Tsapatsis estimates that one way to reduce the membrane cost to economically viable levels could be by reducing the zeolite membrane thickness to B50 nm. 12 However, ultrathin membranes, i.e., sub-1 mm thickness of the selective layer, has been an elusive goal for some time in the zeolite community. As mentioned earlier, Agrawal et al. recently obtained 100-200 nm-thick MFI membranes by gel-free secondary growth of 80 nm-thick seed layers consisting of nanosheets ( Fig. 4a and b ).
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For 10 membranes made by this method, the permeance for p-xylene varied between 1.7-3.6 Â 10 À7 mol m À2 s À1 Pa À1 with a maximum p-xylene/o-xylene separation factor of 185 at 150 1C. These membranes were also efficient at separating n-butane and i-butane, achieving a separation factor of 60 at room temperature with an n-butane permeance of 4.3 Â 10 À7 mol m À2 s À1 Pa
À1
. At higher temperatures (150 1C) , the permeance of n-butane went as high as B13 Â 10 À7 mol m À2 s À1 Pa À1 but the separation factor dropped to 15. The permeances are consistent with the previous report on 200 nm-thick MFI membranes made from nanosheet seeds, but grown using conventional solution-based growth. 10 However, the earlier separation factor of 25-45 for p-xylene/ o-xylene is greatly improved (to 4100) by the use of gel-free secondary growth. Other efforts for ultrathin MFI membranes are discussed below. Recent developments by Sjöberg et al. have led to the synthesis of sub-micron MFI zeolite membranes. A 0.7 mm think MFI membrane was used to separate CO 2 from the synthesis gas (or syngas) derived from black liquor, a byproduct of the paper processing industry. 91 Typically, syngas from black liquor has high CO 2 and H 2 S and must be ''sweetened'' by removal of these gases. The authors synthesized MFI membranes by first masking the a-Al 2 O 3 flat supports. The masking process results in impregnation of the support with wax and prevents invasion of the synthesis solution into the support pores and subsequent leaching. 92 The masked supports were seeded and intergrown to form a 0.7 mm MFI film. The use of such thin films results in a very high CO 2 permeance of 11.0 Â 10 À7 mol m À2 s
Pa À1 at 2.25 MPa feed pressure and 0.3 MPa permeate pressure at room temperature. However, the CO 2 permeance reduces to almost half this value after 10 hours of testing, due to competitive adsorption of H 2 S. This also causes the CO 2 /H 2 separation factor to decrease from 10.4 to 5.0. Thus these membranes are only suitable for feed with small quantities of H 2 S. In another recent work, 9 a similar method to the one described above was used for the synthesis of 0.5 mm thick MFI membranes for the separation of alcohol and water by pervaporation ( Fig. 4c and d ). The fluxes obtained for the separation of 3 wt% n-butanol-water and 10 wt% ethanol-water mixtures were the highest reported in the literature. However, the alcohol/water separation factors were low (4-5) at 30 1C. This was attributed to the support favoring the transport of water due to Knudsen diffusion. The separation factor for the membrane alone was calculated to be almost 50% higher. The authors conclude that to improve both flux and selectivity, the support resistance needs to be reduced -a general challenge for achieving high flux membranes from thin zeolite films. The same group also investigated the separation of n-butanol and water in the vapor phase by using a hydrophobic MFI membrane. 93 The supports were first seeded (without masking) and intergrown using a synthesis solution containing TPAOH and HF. The final membrane thickness was found to be 0.5 mm.
Permporometry experiments using n-hexane indicated that the defects in this membrane were almost half that of the membrane synthesized using conventional synthesis sol. For the separation of 50/50 mol% n-butanol/water, the hydrophobic MFI membrane had an n-butanol permeance of 7 Â 10 À7 mol m À2 s À1 Pa À1 , which was half that of the conventional MFI membrane at 160 1C. However, the separation factor (8.3) of the former was twice that of the latter. The lower permeance and higher separation factor of these membranes were attributed to higher hydrophobicity and lower defect density. The use of hydrophobic MFI membranes was further extended to CO 2 /H 2 and CO 2 /CO separations. 36 In this case as well, a 0.5 mm membrane was obtained which was confirmed to be b-oriented by X-ray diffraction. The orientation as well as the use of HF for synthesis served to reduce defects even further to 0.13% of membrane area. A CO 2 /H 2 separation factor of 100 was obtained at À35 1C and it decreased with increasing temperature. The CO 2 /CO separation factor was 20 at À15 1C.
The CO 2 permeances remained very high, in the range of 50-60
As selective zeolite films become very thin, a number of challenges emerge. Transport may be dominated by pore entry resistance rather than intracrystalline transport and this may alter the transport behavior compared to that of thicker membranes. Also, the development of supports that offer low resistance to permeation is required.
Spatially resolved permeance characterization of membranes
An important recent advancement in the study of defects is the use of a mass spectrometer probe to spatially resolve gas permeances through tubular membranes. 94 These studies build on earlier reports on membrane characterization by measurement of the local He permeance. 95, 96 SAPO-34 membranes were synthesized on the inner surface of alumina tubes by a seeded hydrothermal synthesis. Either CO 2 or CH 4 was fed on the outer surface of the membrane and a silica capillary connected to a mass spectrometer was used for collecting the permeate at the inner surface of the membrane, as seen in Fig. 5 . This method allowed determination of permeances with good angular and lateral resolution. The authors determined that the permeance of CO 2 and CH 4 is not uniform. The presence of defects was measured by using i-butane, which has a kinetic diameter of 0.5 nm and is too large to fit in the 0.38 nm SAPO-34 pores. Any area with high i-butane flow could be assumed to have a defect larger than 0.5 nm. The defects did not contribute to a change in CO 2 permeance in those regions because of the high permeance of CO 2 at low pressures. However, at high pressures the influence of defects could become important. Spatially resolved permeance characterization also enabled the improvement of the synthesis of SAPO-34 membranes. Impermeable regions, in which the synthesis gel remained after the synthesis, could be detected. 97 By increasing the membrane rinsing time, spatially uniform membranes with high permeance could be obtained. The synthesis was subsequently improved by eliminating almost all defects larger than 0.47 nm. 98 Seeds were deposited on the inner surface of tubular alumina supports by manual rubbing. ) and CO 2 /CH 4 selectivity on the order of 100 at room temperature and low feed pressure were also obtained.
Polymer supported membranes
Since the overall cost of membranes is determined in large part by the support cost, it is desirable to develop inexpensive polymeric supports. This would overcome the current limitations of ceramic membranes, including their high failure rate and cost of manufacture. In addition to being less expensive per unit area, membranes supported on polymeric hollow fibers would also be able to pack better, giving higher membrane area per unit volume. 99 Mixed matrix membranes combining polymers with zeolites have long been studied extensively aiming at low-cost, highperformance membranes. [100] [101] [102] [103] [104] [105] [106] [107] [108] (see also Section 13). However, the inherent incompatibility between zeolites and polymers still remains a limitation, while performance of these membranes has remained low to modest at best. MOFs, generally, appear to have better compatibility with polymers in mixed matrix membranes compared to zeolites. [109] [110] [111] However, performance gains have been similarly modest. Even if compatibility is resolved there are other issues like the flux matching requirement which allow only a small fraction of the zeolite/MOF selectivity to be harvested in a mixed matrix setting. 112 For this reason, deposition of a continuous zeolite deposit on or in a porous support is more desirable. Following this approach, Wang, Yan and co-workers have fabricated high-flux composite hollow fibers (CHF) consisting of zeolite NaA and polyethersulfone (PES). 113 Two different sizes (4.0 mm and 1.5 mm) of zeolite particles were combined with the polymer solution in different concentrations and extruded through a spinneret. Zeolite membranes were prepared on the external support of the CHFs by a hydrothermal process. It was found that increasing the loading of zeolite in CHF led to more void spaces and agglomeration of crystals, thus increasing the CHF porosity. The larger zeolite particles led to CHFs with lower porosity. At 85 wt% zeolite loading the difference between the two particle sizes becomes small and dense zeolite coverage is obtained. These types of membranes were further improved by having the membrane on the inner surface of zeolite/PES-PI hollow fibers. 114 The addition of PI (polyamide) gives added temperature resistance and mechanical strength. Membranes on the inner surface help to prevent damage to the selective zeolite layer. Similar EtOH-H 2 O pervaporation performance was obtained as in the previous report. However, the fibers with higher mechanical and bending strength and with membranes on the inner surface are significant improvements, which could enable commercialization of this technology in the future. Synthesis of zeolite membranes on flat polymeric supports was also reported recently. 115 Faujasite membranes were synthesized on PES supports supported on a polyester backing. A continuous FAU membrane with a thickness of 500-700 nm was fabricated using just 1 hour of hydrothermal growth on seeded PES supports. The synthesis was further improved so that a 300 nm thick FAU membrane could be obtained on flat PES supports. 116 After elimination of intercrystalline defects by using a PDMS coating (see Section 7), CO 2 /N 2 selectivities of B72 could be obtained. As it will be described in more detail in Section 11 of this review, polymer supports and MOFs match very well since usually for MOF activation only the remaining solvent molecules have to be removed at temperatures o100 1C. That is to say, in the case of MOF activation, no structure directing agent/template molecules have to be removed by burning in air at 450-500 1C. Anyway, because of the organic linkers, no MOF would survive this harsh treatment. There are some recent promising reports of MOFs on polymer supports. Brown et al. synthesized a ZIF-8 layer in a series of poly(amide-imide) (Torlon) hollow fibers by interfacial microfluidic processing. 117 The interfacial synthesis method was also used by Li et al. to prepare a ZIF-8 membrane layer on a porous polyethersulfone as a support 118 and by
Campbell et al. who produced a thin HKUST-1 layer on porous polyimide ultrafiltration supports. Cacho-Bailo et al. synthesized ZIF-7 and ZIF-8 membranes on the inner surface of a polysulfone hollow fiber using microfluidics. 119 
Post-synthesis modification
There are several reports on post-synthesis techniques for improving membrane performance. It has been shown early on that post-synthetic coking of MFI membranes by impregnating and then pyrolyzing TIPB can be used to plug macro voids and defects between zeolite crystals. 120 This causes a remarkable increase in the n-butane/i-butane selectivity but causes reduction in permeance. In some cases, membranes have been subjected to a UV or thermal treatment, to either cause cross-linking of the polymer matrix in composite membranes or to seal defects in the zeolite layer. 121, 122 In other cases, membranes have been post-synthetically treated with chemicals such as oxalic acid, which causes the membrane selectivity to increase. 123 CVD modification is another widely used post-modification technique. Nomura et al. applied the counter diffusion CVD technique in which TEOS and ozone cause amorphous silica to deposit on the membrane. 124, 125 This plugs the intercrystalline defects without completely plugging the zeolite pores as TEOS is too large to enter them. A similar TEOS-O 3 system was used recently for plugging of defects in porous silica membranes of pore size B1 nm. 126 Lin and co-workers have used the CVD technique for postsynthesis modification of MFI and DDR-type membranes. 88, [127] [128] [129] For small non-adsorbing molecules like H 2 and CO 2 , the transport is governed by Knudsen diffusion. Thus, plugging of large intercrystalline defects by CVD using a molecule like methyldiethoxysilane (MDES) or TEOS increases the H 2 /CO 2 separation factor. However, this is true only for membranes with good initial quality, i.e. those lacking large intercrystalline voids.
Apart from CVD, catalytic cracking deposition (CCD) of MDES was also used in order to reduce the pore size of MFI and effect better separation of H 2 and CO 2 . 88 ). However, the limitations of CVD and CCD post-treatment are the expensive equipment and difficulty in scaling up. Moreover, amorphous silica deposits are known to undergo densification upon prolonged heating, especially in the presence of water vapor. 131 Therefore, the long term stability of these membranes is uncertain. An alternative approach is the use of a permeable polymer like polydimethyl siloxane (PDMS) to seal membrane defects. 132 CO 2 /N 2 separation factors of 41000 at 130 1C are reported after application of a 150 nm PDMS top layer to silica and zeolite Y membranes. The only limitation of using PDMS is that the temperature has to be limited to 250 1C. Fluoropolymers or other temperature resistant polymers may be able to overcome this limitation, provided that they can be made sufficiently permeable.
A post-synthesis modification that improves the hydrophobic properties of the membranes is using silylation. It is known that treatment of zeolites or silica surfaces with triethoxyfluorosilane
This journal is © The Royal Society of Chemistry 2015 (TEFS) converts surface silanol groups to Si-F groups, thus increasing the hydrophobicity. 133, 134 Use of TEFS is advantageous over carbon-based silanes due to decomposition of the latter leading to re-formation of silanol groups upon calcination. 135 137 
Modeling permeation through zeolite membranes
The Maxwell-Stefan approach provides a fundamental description of multi-component diffusion. Krishna and co-workers have extended this approach to formulate the generalized MaxwellStefan model for surface diffusion of adsorbed species in a zeolite membrane. [138] [139] [140] [141] [142] [143] Permeation through a zeolite membrane is a combined effect of adsorption and diffusion characteristics. The influence of adsorption is taken into account through the fractional loading at the surface and the thermodynamic factors while the mobility is determined by the two kinds of diffusion coefficients -the corrected diffusivity which is also known as Maxwell-Stefan diffusivity and the exchange coefficients. One of the advantages of using these equations is that the mixture adsorption and diffusion parameters, for most of the cases, can be obtained using only pure component data. 141 
Adsorption
The pure component adsorption isotherm is most commonly modeled using the dual site Langmuir model. 144, 145 Other forms of the isotherm e.g. Toth, Langmuir-Sip, Langmuir-Freundlich have also been used. [146] [147] [148] The mixture isotherm can be predicted, from the pure component isotherm, by implementing appropriate mixture rules. 149 However, the use of mixture rules is only moderately successful and a thermodynamically consistent model, known as Ideal Adsorption Solution (IAS) theory, 150 is widely used for predicting mixture isotherms from pure component data. Fig. 6a shows that the prediction of IAS theory for a mixture of alkanes is in excellent agreement with simulation results. 151 One of the drawbacks of IAS theory is the assumption that the system behaves like an ideal solution and therefore, it is inadequate to describe multicomponent adsorption for non-ideal mixtures. The existence of non-idealities in the mixture is either due to energetic or surface heterogeneity or due to a non-ideal mixture itself. Energetic heterogeneity arises due to varying heat of adsorption for different sites while surface heterogeneity is caused due to different surface area (sites) available for adsorption of different species. Various extensions of IAS theory have been described to account for these non-idealities. Heterogeneous IAS theory has been used to account for energetic heterogeneity 152 and surface area corrected IAS (SAC-IAS) theory has been used to account for surface heterogeneity.
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The presence of non-idealities in the mixture can also lead to failure of IAS theory as shown in Fig. 6b for water-ethanol mixture in MFI zeolite. 154 Non-ideal behavior arises due to hydrogen bonding between molecules. Such deviations from ideality are captured by using a more general theory than IAS, known as real adsorption solution (RAS) theory. 150 The RAS theory makes use of the activity coefficients to account for these deviations; these coefficients are, in general, functions of temperature, composition and spreading pressure but the dependence on spreading pressure is often neglected due to complexities. Thus the activity coefficient models such as UNIQUAC, NRTL and Wilson, which are used to describe vapor-liquid equilibrium, are often applied with good accuracy to the mixture adsorption as well. [155] [156] [157] [158] [159] The parameters are obtained by fitting the experimental or simulation data.
Diffusion
The corrected diffusion coefficient accounts for sorbate-sorbent interactions and exhibits loading dependency. Various models have been used to predict this loading dependency. The most commonly used are the weak confinement scenario and the strong confinement scenario, which are based upon the vacancy factor and the repulsion factor. 160 The vacancy factor accounts for the probability of the adjacent adsorbing site being vacant and decreases with loading while the repulsion factor accounts for inter-molecular repulsion and increases with loading. However, these are the ideal scenarios and the actual dependency varies between the two scenarios (see Fig. 4 in ref. 160 ). Another model, based upon the quasi-chemical approach of Reed and Ehrlich, also accounts for the reduction of the energy barrier for diffusion with increased loading and is also widely used. 161, 162 Since the corrected diffusivity is interpreted in terms of hopping from one adsorbed site to another, the loading dependence is strongly influenced by adsorption thermodynamics. It has been shown that the corrected diffusivity is inversely proportional to the thermodynamic factor which signifies the change in fractional loading with respect to a change in fugacity and can be calculated from the adsorption isotherm. [163] [164] [165] The corrected diffusion coefficient of a species in a mixture is usually taken equal to that of the pure component at the same total loading. The exchange coefficients account for sorbate-sorbate interactions and capture the effect that a faster moving molecule is slowed down in the presence of slower moving species and vice versa. 166 The incorporation of the exchange coefficients into the Maxwell-Stefan equations leads to computational difficulties and thus are often neglected; this scenario is known as the facile exchange. 140, 160 However, these effects have been shown to be significant and various models have been proposed for their incorporation. 167, 168 Vignes correlation for species with similar loading and the Sholl correlation for species with variable loading are the two most commonly used models. 160 Since the exchange coefficients capture the sorbate-sorbate interactions, it has also been found that there is a dependence of the exchange coefficients on the corresponding fluid phase diffusivity; the proportionality factor depends upon the degree of confinement and the correlation effect increases with the degree of confinement. 169 The factor is often linearly dependent upon the degree of confinement, however, other expressions such as Darken-type interpolation and Vignes-type interpolation have also been proposed. 169 
Predictions
The Maxwell-Stefan approach using the above discussed models for adsorption and diffusion have been proven to be very useful in predicting the separation performance of zeolite membranes and also verified against experimental and molecular simulation results. [170] [171] [172] The key to success for the Maxwell-Stefan model is the accurate determination of multicomponent adsorption and diffusion characteristics of the permeating species. Though these equations have provided a deep insight into the permeation through zeolite membranes, there are cases for which the Maxwell-Stefan model fails to interpret the experimental results. This is either due to the fact that the assumptions used for predicting multi-component adsorption and diffusion characteristics are not adequate or due to some other factors which are discussed next.
One of the examples where the Maxwell-Stefan model fails to provide quantitative agreement with the experimental results is the xylene isomer separation using MFI zeolite membranes. The adsorption and diffusion characteristics of p-xylene and o-xylene in MFI crystals have been extensively studied and the adsorption parameters and the diffusion coefficients have been extracted from the experimental results. [173] [174] [175] [176] The permeation of xylene isomers was also studied using Maxwell-Stefan equations. Though the permeance of p-xylene has been observed to be of the same magnitude, the Maxwell-Stefan model predicts much higher o-xylene permeance as compared to the experiments (see Fig. 5 in ref. 175 ). This discrepancy may be attributed to surface resistances in zeolite crystals or to the changes in crystal structure on adsorption of p-xylene. 175, 177 It can also be due to the fact that the diffusion coefficient used in the Maxwell-Stefan equations was measured for a flexible zeolite crystal while an intergrown supported membrane is constrained by a support and does not permit flexibility, as in the case of a free crystal. Another phenomenon where the Maxwell-Stefan approach fails is the intersection blocking. 178 It is usually observed when branched or cyclic hydrocarbons are present in the mixture along with linear hydrocarbons in MFI. The branched hydrocarbon preferentially adsorbs at the intersection of MFI membranes which causes blocking of the pore and severely reduces the diffusivity of the normal alkane. 145 In general, the tardy species slows down the fast moving species and the effects are captured by the exchange coefficients but this effect is more severe and can cause the diffusivity of n-alkane to reduce nearly to zero. The effect of intersection blocking for methane in the presence of i-butane is shown in Fig. 7a . The reduction in diffusivity is more severe as compared to the methane-n-butane mixture, which does not have intersection blocking. 178 Similarly, the Maxwell-Stefan equations fail to interpret the experimental results for permeation of n-hexane-3-methylpentane across a MFI membrane. 179 In mixtures governed by hydrogen bonding or molecular clustering effects, the adsorption and diffusion coefficients cannot be obtained by using only the pure component data. 180 As already discussed, IAS theory leads to a higher separation factor for water-alcohol separation as the adsorbed alcohol molecules also bring the water molecules into the zeolite due to hydrogen bonding. 154 The corrected diffusion coefficient for such systems also depend upon the mixture composition along with the total loading as shown in Fig. 7b . 148, 181 The correlation effects are also stronger than Vignes interpolation. One peculiar characteristic of such mixtures is the mutual slowing down of both permeating species. 182, 183 Thus, using the pure component data to predict the separation performance will lead to higher predicted flux and higher separation factors than experimentally feasible.
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Effect of impurities
Another concern for industrial application of zeolite membranes is the presence of impurities. It has been shown that a strongly adsorbed component, even present in small quantity, can suppress the flux of other components and affect the 
Other factors
Apart from these challenges, some other factors can significantly affect the separation performance of the membranes. These include the effect of the porous support, sweep gas and concentration polarization. The zeolite membranes are usually supported on a porous support. The support layer is usually neglected in most of the modeling studies. However, it has been shown that the support can play a significant role especially in thin or high-flux membranes. 189, 190 The significant mass transfer resistance in the support adversely affects the separation performance of MFI and FAU membranes for ethanol/water separation. 9, 191 The effect is more prominent for strongly adsorbing species as shown for H 2 /CO 2 separation where the pressure drop for CO 2 over the support was quite large and influenced the separation performance. 192 Thus, flux and selectivity for high flux membranes can be increased by preparing less resistive supports.
It is essential to incorporate transport resistance effects due to the support layer in permeation models. The models proposed in the literature are well established and incorporate flux through the Knudsen and bulk diffusion and viscous flow. 144, 193, 194 The sweep gas is introduced to carry away the species on the permeate side and thus increase the driving force for permeation. In most of the modeling studies, the effect of sweep gas is incorporated by assuming zero partial pressure of the species on the permeate side. However, it has been shown that the rate of flow of sweep gas can play a significant role. 195 The sweep gas increases the driving force for the permeating species and enhances the separation performance. This effect has been shown for methane/ethane separation. 196 A negative effect on the permeation can occur due to the counter flux of the sweep gas. A higher pressure of helium on the permeate side increases its counter flux and thus decreases the permeance of ethane. 197 Selective permeation usually shifts the adsorption equilibrium at the membrane surface and thus reduces the separation factor. 198 This effect is known as concentration polarization and is depicted through a schematic in Fig. 8a . Though not many modeling studies of zeolite membranes consider the concentration polarization effect, it can play a significant role. It has been shown that the CO 2 /CH 4 selectivity increased by 180% and CO 2 flux by 80% when measures were taken to reduce the external boundary layer resistance for a SAPO-34 membrane, as shown in Fig. 8b . 200 The effects of concentration polarization are more prominent for pervaporation as compared to gas permeation since the diffusion coefficient is higher for gases. Various models have been proposed in the literature to include its effect by introducing a mass transfer coefficient, 192, 201, 202 or solving the full concentration profile in the boundary layer. 203, 204 The effects can be suppressed by introduction of sweep gas, mixing and making flow turbulent. Another common assumption in modeling zeolite membranes is that they are defect free. However, it has been illustrated that the defects can significantly affect the separation performance in H 2 /CO 2 separation, 192 xylene and butane isomer separation. 205 It has also been shown that defects can be induced and shrunk or expanded during adsorption and affect the permeation. 177 Permporometry, flux of molecules larger than zeolite pores and the ratio of single gas permeance, and other methods have been used to characterize defects. [206] [207] [208] [209] These effects have been incorporated in some of the modeling studies by determining the permeation through the defects as a combination of Knudsen diffusion and Poiseuille flow. 210, 211 A general pore network model has also been developed to account for the flux through intercrystalline pores. 212 
High throughput computational screening of zeolite structures
By using this technique, a library of structures consisting of several thousands of structures can be rapidly screened based on desirable attributes. These could include pore size, adsorption properties and gas separation performance. A recent review summarizes the work that has been done so far on high throughput screening of MOF structures. 213 Two important factors for the characterization of porous networks are the largest cavity diameter (LCD) and the pore limiting diameter (PLD). The LCD gives an estimate of whether two molecules of different species can pass each other within the structure. This is useful for separations. If a molecule's size is smaller than the PLD, it can diffuse freely through the network. If not, there is a significant energy energy barrier towards diffusion. Haldoupis et al. characterized 4250 000 hypothetical zeolite frameworks based on their PLD and LCD. 214 First et al. characterized the existing zeolite frameworks with respect to the accessible pore volumes, surface areas, PLDs and LCD. 215 First et al. also screened 196 zeolite frameworks and 1690 MOF frameworks to find candidate structures for gas separations such as CO 2 /N 2 , CO 2 /CH 4 , CO 2 /H 2 and hydrocarbons such as propane/propylene and ethane/ethylene. 216, 217 The screening was based on the calculation of the shape selectivity of the framework for the gases of interest using a minimum-energy pathway approach. 220 natural gas purification, 221 ethanol purification from fermentation broths and hydroisomerization of alkanes. 222 
Progress in industrial application of zeolite membranes
The review by Gascon et al. highlights the progress made on synthesis and application of zeolitic membranes and coatings during the last few years. 1 However, so far only one type of zeolite membrane has been commercialized. LTA membranes are used in the dehydration of different solvents because of their strong hydrophilicity and suitable pore size. There is still no gas separation process worldwide in operation using zeolite membranes. Ambitious aims for the development of an industrial process for xylene isomer 92 and butene isomer 223 separation using MFI membranes could not be realized yet. Despite excellent lab test results and successful scale-up work, the industrial installation of SAPO-34 and DD3R membranes in the CO 2 /CH 4 separation could not be realized either. [224] [225] [226] The established technology for the production of dry (bio) ethanol is the pressure swing adsorption (PSA) using 3 A zeolite (K + exchanged LTA). 227, 228 Polymers are of interest for replacing PSA by a membrane technology, since they have advantages over inorganic membranes such as lower production costs, easy manufacture and scale up. 229 Especially polyimides and polyamideimides turned out to be promising pervaporation membrane materials because of high separation performance, low swelling and excellent thermal, chemical and mechanical stability. [230] [231] [232] A pioneering role in the development of zeolite Na-LTA zeolite membranes for the dehydration of bio-ethanol was played by Bussan Nanotech Research Institute Inc. (BNRI), Japan, a Member of the Mitsui Holding, which developed a process for the production of fuel-grade ethanol by a hybrid distillation/vapor permeation process. 233, 234 240, 241 came into the focus. A combined seeding method by using ball-milled seeds was developed at Nanjing University of Technology for the synthesis of LTA zeolite membranes, which could improve reproducibility and reduce synthesis time significantly. 242 In 2011, the Jiangsu Nine Heaven High-Tech Co. Ltd was founded as a spin-off, to promote the commercial application of the LTA membrane dehydration technique. A production line of LTA zeolite membranes with the productivity of 10 000 m 2 per year has also been established. The
NaA zeolite membranes are prepared on the outer surfaces of homemade 80 cm long mullite supports. Fig. 9 shows an industrial apparatus for the dehydration of ethanol (1500 tons per year) from 93 wt% to 99.5 wt%. 243 It has 7 membrane modules connected in series with each module having a membrane area of 3 m 2 . The apparatus is operated under the vapor permeation mode. A significant reduction (over 50%) in the separation cost was achieved for the membrane technique instead of extractive distillation with salt. The lifetime for the membranes used in the system is more than two years. Fig. 9 also shows an apparatus for dehydration of acetonitrile (15 000 Fig. 10) which is the largest zeolite membrane facility in the world. 244 This progress of the researchers at DICP is mainly due to the use of microwave heating. [245] [246] [247] [248] [249] Microwave heating does not only reduce synthesis time, but it also appears to reduce the formation of non-zeolitic defect pores in comparison with conventional heating. 250 
Zeolite membrane reactors for the intensification of chemical processes
During the last 5 years, a few comprehensive reviews on zeolite membrane reactors appeared. 251, 252 Membrane reactors are one of the concepts for intensified chemical processes. 253 A (catalytic) membrane reactor combines a chemical reaction with an in situ separation in one unit. [254] [255] [256] Catalytic membrane reactors can be classified according to their function into (i) extractor-, (ii) distributor-, and (iii) contactor-type reactors. The extractor mode especially requires a high separation selectivity, which can be provided by zeolitic molecular sieve membranes. In addition to their molecular sieving function, zeolite membranes are relatively stable at the temperatures of most chemical reactions and they are stable against solvents in comparison with organic polymer membranes. In the past, there were numerous examples of increase in yield of a dehydrogenation or esterification reaction if the product molecules, hydrogen or water, respectively, could be removed selectively under equilibrium-controlled reaction conditions from the product mixture. 257 Here, the progress after 2010 is reviewed. There are increasing activities to develop hydrophilic water-selective membranes which are more stable than LTA. Zeolite SOD is hydrophilic like LTA, but with a higher framework density of 17.2 T/1000 Å 3 , it shows a higher chemical and thermal stability compared with zeolite LTA (12.9 T/1000 Å 3 ). 258 The small pore size of the 6-ring of H-SOD (2.65 Å) allows molecular sieving, i.e. the selective permeation of small molecules like H 2 O with kinetic diameters of 2.6 Å. Therefore, due to their hydrophilicity and molecular sieving properties, SOD membranes can accomplish the removal of steam under harsh reaction conditions [259] [260] [261] and could be used in the synthesis of methanol (MeOH, eqn (1)), dimethylether (DME, eqn (2)) and dimethylcarbonate (DMC, eqn (3)) in catalytic membrane reactors with carbon dioxide, hydrogen or methanol as reagents:
The separation performances of SOD membranes for equimolar mixtures of steam with H 2 , CO 2 , MeOH, DME or DMC, were evaluated in the temperature range from 125 to 200 1C.
The mixture separation factors for steam from DME and DMC through the SOD membrane were found to be higher than 200 and 1000, respectively. To increase the hydrothermal stability of SOD membranes, SOD can be doped with sulfur. 263 MFI membranes modified by catalytic cracking deposition (CCD) have been successfully evaluated in catalytic hightemperature water-gas shift (WGS) reactors. 264 Despite the relatively modest hydrogen selectivities (a H 2 /CO 2 E 31, a H 2 /CO E 25), the CO conversion could be increased over the thermodynamic limit. MFI membranes modified by CCD coking have also been successfully evaluated in a low-temperature WGS reaction to overcome the equilibrium constraints (Fig. 11) . 265 For the applications mentioned above, long term thermal and hydrothermal stability are important and they are addressed next.
Hydrothermal stability of zeolite membranes
Water vapor at temperatures higher than B200 1C is present in many industrially important reactions (e.g. water gas shift (WGS), steam methane reforming (SMR), methanol synthesis, Fischer-Tropsch (FT)). This makes steam stability of membranes of immense importance for the realization of membranes in the chemical industry. Research in this area has primarily been focused on the effect of steam on catalytic activity of zeolites for use in catalysis. In general, steaming can cause dealumination via hydrolysis of Si-O-Al bonds and the formation of extraframework aluminum oxide or hydroxide species. 266 While these studies can provide some insights for the initial screening of zeolites for use in membrane fabrication, the concept of steam stability in membrane science requires different standards. Furthermore, all-silica zeolites, being intrinsically hydrophobic but not very active catalytically, are of particular interest for membrane studies in steam-containing environments. In this context, detailed short-and long-term steaming effect on the structure, morphology, film-support interaction, and grain boundaries need to be addressed. In practice, the effect of steam on membranes rather than powders can serve as a low-cost bullet proof test of membrane applicability for the intended process. In this section, we briefly cover the steam stability of zeolites followed by permeation studies in zeolite membranes involving high temperature steam.
Steaming of zeolite Y has been widely used to form an ultrastable Y (USY) catalyst for the petroleum industry. Stability comes from partial dealumination of the aluminum framework and incorporation of silica, by migration from other parts, into the generated vacancies. Kennedy
, respectively. Both found that steaming enhanced the spectral resolution of 29 Si solid state MAS NMR, pointing to the reduction of defects in the framework. It has been suggested that a minimum lifetime of 2-3 years is required for membranes to keep up with periodic turnarounds for maintenance in industry. 271 Recently, the long-term steam stability of MWW framework zeolites (MCM-22 with Si/Al = 40 and all-silica ITQ-1) was investigated. 272 Fig. 12 ). It was also found that defects in the structure can significantly lower the steam stability of zeolites. It was concluded that any efforts for application of zeolite membranes under such steaming conditions require eliminating (or minimizing) the structural defects. This can be achieved by methods such as fluoride synthesis or post-synthesis techniques (SiCl 4 treatment).
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In the following, some membrane permeation studies under water vapor at high temperatures are highlighted. While some of these reports are not directly aimed at investigating the longterm steam stability of membranes, they can provide valuable insights into the performance of difference zeolite membranes under steam conditions. Sato et al. 273 investigated the performance of FAU-type zeolite membranes for application in methanol synthesis. It was shown that FAU-membranes can separate water and methanol from water-methanol-hydrogen mixtures at temperatures and pressures as high as 180 1C and 5 MPa, respectively. The authors attributed membrane selectivity to the preferential adsorption of water and methanol onto the zeolite. to reduce the effective pore size of MFI zeolites. The idea was to deposit silanes inside the pores (as opposed to outside as a film) for separating small molecules for which MFI zeolites are otherwise not very selective (see Section 7). Highly hydrogen permselective MFI membranes were made at the cost of one order of magnitude reduction in permeance. Dong's group extensively studied 277 and enhanced this method by developing an on-stream catalytic cracking deposition (CCD) process using It follows from the above that zeolites are not the thermodynamically most stable product. They can re-crystallize into dense phases or even become amorphous, but the energy barrier of these transformations is relatively high in comparison with MOFs. For MOFs, stability is a major issue. As an example, MOF-5 decomposes at room temperature in atmospheric air by hydrolysis. In some recent reviews by Canivet and Burtch, the limits and promises of the MOF stability towards water are treated. 280, 281 In a previous pioneering paper by Low, a good overview of the steam stability of MOFs as a function of temperature is given. 282 In many studies on steam stability of MOF membranes, the tests have been carried out only for short periods of time (1-2 days) and it is hard to make conclusions on the long-term stability. 283, 284 12. Zeolite vs. MOF membranesconceptual similarities and practical differences
Since certain MOFs show a permanent porosity and a reasonable stability such as the MOF subfamily of zeolitic imidazolate frameworks (ZIFs), the potential application fields of MOFs are similar to the applications of zeolites. These include gas storage, separation by adsorption and heterogeneous catalysis. Consequently, MOFs have also been evaluated as a supported mm-sized membrane layer in gas separation, as highlighted in a recent review by Qiu et al. 137 Due to the similarity of MOFs and zeolites 285 (Table 1) , in a relatively short time interval, supported MOF membranes could be synthesized successfully by using the whole tool box developed for the preparation of supported zeolite membranes: seeding of macroporous ceramics, microwave heating and of surface charges (zeta potential) and covalent bonds between ceramic support and MOF layer. On the other hand, the differences between zeolites and MOFs are also addressed in Table 1 . In the following, (i) synthesis and (ii) molecular sieving of zeolite and MOF membranes will be compared.
While most zeolite membranes are synthesized under hydrothermal conditions in autoclaves at T 4 100 1C, MOF membranes can be prepared at room temperature. Furthermore, most zeolite membranes are synthesized by means of a structure-directing agent (SDA, also called template), which is incorporated into the zeolite framework during synthesis and cannot be easily removed by desorption or extraction because of its bulkiness. Therefore, zeolite membranes usually require a thermal activation by combusting the organic SDA. In contrast, occluded solvent molecules can be easily removed from MOFs, which allows the formation of coatings on thermally sensitive materials like polymers. In the last few years several lowtemperature synthesis methods for MOF layers on organic substrates have been developed which have no counterpart in the field of zeolites.
Some commonly used approaches for MOF thin film preparation are growth from solvothermal mother solutions (using self-assembled monolayers or SAMS), [290] [291] [292] colloidal deposition, layer-by-layer or liquid phase epitaxy of SURMOFs, [293] [294] [295] [296] [297] electrochemical synthesis, [298] [299] [300] [301] evaporation induced crystallization, gel-layer synthesis and microwave-induced thermal deposition. 302, 303 If a porous support is used for the separation of an aqueous and an organic solvent, one of the solvents contains the metal ion and the other contains the linker molecule. A MOF layer forms at the contact zone of the polymer support-aqueous solvent 304, 305 or inorganic support-organic solvent. 306 Recently, a concept for a scalable and inexpensive processing of MOF membranes in polymeric hollow fibers has been developed. 117 In the layer-by-layer deposition technique, 307 a support is repeatedly dipped into a solvent containing metal ions or linker molecules with a washing step in between. A severe difference between zeolite and MOF membranes is their different molecular sieve behaviour. Whereas perfect zeolite membranes show very high separation selectivities due to molecular sieving, MOF membranes show no sharp cut-off. As examples for molecular sieving on zeolite membranes, three highlights are given: (i) xylene isomer separation on MFI membranes with mixed gas selectivities of 4500, 308 (ii) CO 2 /CH 4 separation on SAPO-34 membranes with a selectivity 4100
224
, and (iii) CO 2 /CH 4 separation on DDR membranes with a selectivity 300-600. 226 These selectivities are mainly based on molecular sieving with a fixed pore size. By using efficient computational methods, the pore size of 4250 000 hypothetical silica zeolites has been characterized 214 providing information on the largest molecule that can permeate through or adsorb in each zeolite membrane. The library of the 4250 000 hypothetical silica zeolites has been generated by Deem et al.
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In many cases, due to poor membrane-substrate bonding, it remains difficult to prepare continuous MOFs by this method. Microporous aluminosilicates with counterions, also cation-free silicates, aluminum phosphates etc. Porous metal oxide structure with high contribution of covalent bonds, yielding a rigid framework.
Often MOFs possess a dynamic framework due to effects like bond angle and cluster deformation and/or linker twisting/rotation. These effects result in a flexible pore size for guest molecules with no clear ''cut off'' in molecular sieving and ''gate opening'' (guest incorporation becomes possible at a threshold pressure).
Relatively fixed pore size that allows molecular sieving with a clear ''cut off''. But also for zeolites, temperature or adsorption of guest molecules can induce structure changes. For ZSM-5 and other pentasils, a transition between monoclinic and orthorhombic framework forms is found with a change of temperature or the adsorption of ring-containing guest molecules. [287] [288] [289] Activation by solvent removal (drying) at T o 100 1C and also solvent replacement.
MOF layers on cheap polymer supports as membrane coating are possible. In most cases, organic structure-directing agents (template) are incorporated into the structure.
Activation is by calcination, which can cause damage to the zeolite structure. for (coordinative-adsorptive) interaction with guest such as olefins, carbon dioxide.
The framework T-atoms Al, Si or P are not accessible since they are surrounded and hidden by large oxygen ions. Also, counter cations not always accessible if they are on certain cation positions.
Great potential as a mixed matrix membrane.
Great potential as a supported thin-film membrane in dehydration and isomer separation. A method of 'single metal source' has been developed to facilely prepare a homochiral MOF membrane on a nickel net, which played a dual role as the only nickel source added to the reaction system and as a substrate supporting the membrane. 310 Also, Nagaraju et al. demonstrated the synthesis of CuBTC on a polysulfone based porous asymmetric ultrafiltration (UF) membrane by in situ growth followed by the LBL deposition of crystals without any need for pre-seeding or surface modification of the membrane. In this way, the top surface of the UF membrane pores is completely covered by MOFs; while the remaining part of the membrane offers a flexible support to the MOFs. 311 To improve membrane-substrate bonding, a self-assembled monolyer (SAM) can serve to chemically modify the supports to improve heterogeneous nucleation. Recently, Huang et al. reported a highly permeable and selective ZIF-95 membrane for H 2 /CO 2 separation with the APTES-modified asymmetric a-Al 2 O 3 disk. 312 Fan et al. treated a glass-frit disk with (NH 4 ) 2 SiF 6 which was able to bind the membrane and the substrate by integrating F atoms in the substrate surface. 313 Ben et al. reported using a PMMA-PMAA coated stainless steel net to fabricate HKUST-1 intact free-standing MOF membranes. 314 Besides the methods above, reactive seeding is another important method used in secondary growth to achieve a uniform, thin, well intergrown MOF membrane. In this method, the seed layer is produced by the reaction between the inorganic support and the organic precursor in a single stage. This method has been widely reported. [315] [316] [317] [318] There is also much progress in the prediction of pore size and functionalities of MOFs. In the so-called isoreticular chemistry, 319 desired topologies can be achieved by design and isoreticular series of compounds with the same topology but different pore sizes can be prepared. 320, 321 However, most MOF membranes show no clear cut-off in gas adsorption and membrane permeation. As a coordination polymer they allow bond angle and cluster deformation and/or linker twisting/ rotation. These effects result in a flexible pore size for guest molecules with no clear ''cut off'' in molecular sieving and ''gate opening'' (guest incorporation becomes possible at a threshold pressure).
As an example, for the MOF of type ZIF-8 (zeolitic imidazolate framework-8), the Zn 2+ ions are interconnected by methylimidazolate ions. 322 The synthesis and permeation studies of ZIF-8 membranes have been widely reported. 306, [323] [324] [325] [326] There are some recent reports that the framework adsorbs bulky molecules such as benzene or xylenes, 327, 328 despite its pore openings of 3.4 Å as found from Rietveld XRD analysis. Hence, it is possible that adsorbed molecules can ''open the gate'' under certain conditions, [329] [330] [331] [332] [333] [334] [335] [336] [337] as illustrated in Fig. 13 .
Additionally, gas sorption studies on different ZIF powders show hysteresis that arises from threshold pressures which induce the ''gate opening''. In a recent theoretical paper, 338 Density Functional Theory (DFT) has been used to unravel the vibration patterns of selected ZIFs (ZIFs 4, 7 and 8) on a molecular level. Vibrations in the THz region can explain such cooperative phenomena of ''gate opening'' and ''breathing'' (see Fig. 14) . In other words, these DFT calculations support the assumptions of a flexible pore architecture and support the absence of a clear cut off as found in numerous permeation experiments on MOF membranes.
However, it is a fact that the effective pore size of MOFs as ''soft porous crystals'' can be controlled in a manner that is characteristic of molecular sieve materials. A case in point is the ''mixed linker'' concept which has been studied extensively for the ZIFs, demonstrating that by a fine control of the effective pore size, high selectivities can be obtained in separations. Thompson et al. showed that substitution of ZIF-7 linkers (benzimidazole) in a ZIF-8 framework (methylimidazolate linker) rigidifies the material. 339 Eum et al. showed the control of butane isomer selectivities over 3 orders of magnitude by substitution of ZIF-8 linkers in ZIF-90. 340 
Mixed matrix membranes (MMMs) made of zeolites and MOFs
It is an old dream to have a mm-sized zeolite or a MOF layer as a gas selective membrane. However, such a supported molecular sieve membrane of a thin zeolite or a MOF layer on a mechanically strong porous ceramic or a metal support is difficult to prepare and to scale up. Therefore, the idea was born to combine the molecular sieving and adsorption properties of zeolites or MOFs with the excellent processing properties of polymers by mixing (nano) particles of a zeolite or MOF with a traditional polymer. For the membrane processing, established technologies such as hollow fiber spinning or foil casting are used to produce thin and mechanically stable membranes. Whereas the progress with zeolite-based MMMs during the last 20 years was very limited -most probably the inorganic zeolite and the organic polymer do not match very well despite surface modification of the zeolite -there has been a considerable activity in revisiting this concept with MOF-based MMMs.
In several recent papers, an improved separation behavior of MMMs with nano-particulate fillers -as shown in Fig. 15 -is reported. [341] [342] [343] [344] [345] In principle, the lab-scale fabrication procedure of MOF-based MMMs is similar to the one applied for the synthesis of other MMMs. This involves the phase-inversion and solution-casting methods. Regarding the fillers, HKUST-1, ZIF-8 and MIL-50(Al) with and without amino groups have been the most studied MOFs. As for the polymers, the organic phase can be classified into low flux glassy polymers (i.e. PSF, [346] [347] [348] [349] [350] 110, 358 and high flux polymers: rubbery, such as PDMS 359 and glassy, such as 6FDA-DAM. 351 In a large percentage of the reported results, improvements in flux at constant selectivities with respect to the bare polymer have been reported and only in circa 10% of the cases improvements in both flux and selectivity were achieved. Besides, for all the membranes tested at high pressures it was observed that upon MOF addition, the plasticization of the membrane at high CO 2 pressures was partially suppressed, maintaining large separation factors over a wider pressure range than that observed for the pure polymer 351, 359 or even increasing the selectivity at high pressures. 360 For industrial application, besides reports based on asymmetric flat membranes, 361 the progress in hollow fiber membranes is primarily on ZIF-8 based membranes (see Section 6) . Asymmetric MMMs of MOFs in different polymers have also been recently obtained. [362] [363] [364] [365] MMMs are most effective if nanosheets are incorporated into the polymer as shown schematically in Fig. 16 . Some molecules go the short way through the membrane by passing the porous sheets; other molecules cannot since they are too bulky and therefore they have to go the long tortuosity way around the sheets through the neat polymer.
Just recently, two papers on the synthesis of MOF nanosheets for MOF membrane applications appeared: in both papers MOF nanosheets are prepared and used in mixed matrix or stacked sheet membranes as molecular sieves for gas separation. Rodenas et al. followed a bottom-up concept: MOF nanosheets are formed in the contact zone of a linker and a metal solution followed by sedimentation. 110 In contrast, Peng et al. have used a top-down strategy: a two-dimensional MOF is exfoliated by first wet ball-milling followed by exfoliation in a solvent under ultra-sonication. 62 These studies on MOF nanosheets draw on earlier concepts of making dispersible exfoliated zeolite nanosheets to apply them as a selective membrane. 23, 25, [366] [367] [368] The same concept is followed when graphene oxide sheets are stacked and form a thin gas selective layer. 61, 369 By the sophisticated processing technology, a bricklayer structure of the MOF sheets is formed which is crucial for gas transport through a polymer membrane containing selectively permeable flakes as for the first time proposed in ref. 112 and further analyzed in ref. 370 and 371
Outlook and perspectives
Within the next 5 years, further capacities will be installed for the drying of organic liquids such as ethanol, acetonitrile, glycerol etc. by steam permeation/pervaporation using LTA membranes. However, despite much progress in the development of supported thin-layer zeolite membranes, there is still no gas separation using zeolite membranes in industrial use.
The relatively high costs of the supported zeolite membranes are due to the asymmetric graded ceramic multi-layer support. Extrusion of multi-channel monoliths or the use of temperature-stable hollow fiber polymer supports can be proper solutions.
The scale up of supported zeolite and MOF membranes will remain a challenge (discontinuous autoclave technology). Membrane formation by processes amenable to continuous processing (e.g. extrusion, spinning, coating-based) should be the technological focus. Well characterized membrane microstructures (e.g. preferred orientation, designed interfaces, grain boundary control), emphasis on reproducibility and stability of performance under multicomponent mixtures should remain the focus of fundamental studies.
